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Nuclear spins in the solid state are both a cause of decoherence and a valuable 
resource for spin qubits. In this work, we demonstrate control of isolated 29Si 
nuclear spins in silicon carbide (SiC) to create an entangled state between an 
optically active divacancy spin and a strongly coupled nuclear register. We then 
show how isotopic engineering of SiC unlocks control of single weakly coupled 
nuclear spins and present an ab initio method to predict the optimal isotopic 
fraction which maximizes the number of usable nuclear memories. We bolster 
these results by reporting high-fidelity electron spin control (F=99.984(1)%), 
alongside extended coherence times (T2=2.3 ms, T2DD>14.5 ms), and a >40 fold 
increase in dephasing time (T2*) from isotopic purification. Overall, this work 
underlines the importance of controlling the nuclear environment in solid-state 
systems and provides milestone demonstrations that link single photon emitters 
with nuclear memories in an industrially scalable material. 
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Nuclear spins are one of the most robust quantum systems, displaying relaxation 
times that can exceed hours or days1–3. This makes them exciting candidates for 
quantum technologies requiring long memory times. In particular, nuclear spins are 
attractive quantum registers for optically active spin defects in the solid-state4. For 
example, nuclear registers can be used for repetitive quantum non-demolition (QND) 
optical readout5, to enhance the signal-to-noise in quantum sensing6, to implement 
quantum error correction schemes7, or as vital components of quantum repeater8 and 
quantum communications9 nodes. Additionally, electron-nuclear hybrid systems provide 
a platform for studying measurement back-action10 and the emergence of classicality in 
quantum mechanics11. 
Recently, commercial SiC has been shown to provide a technologically mature 
semiconductor host for multiple defect spin qubits12–17. In particular, this material allows 
the integration of isolated color centers into classical electronic devices which can be 
used to engineer and tune the spin-photon interface18. Combining such a tunable near-
infrared emitter19,20 with a long-lived quantum memory is a promising basis for quantum 
network nodes fabricated at wafer scale by the semiconductor industry. To realize these 
quantum memories, SiC provides both carbon and silicon isotopes with non-zero 
nuclear spin. These isotopes have been shown to couple to various electronic spin 
defects12,21; however, the control of single nuclear spins22 in SiC has remained an 
outstanding challenge. 
In this work, we report coherent control and entanglement of nuclear spin 
quantum registers strongly coupled to a single neutral divacancy spin (VV0) in naturally 
abundant SiC. We then extend this control to weakly coupled nuclear spins, where 
isotopic purification enables the isolation of robust quantum memories. Using isotopic 
engineering, we also report both record coherence times and record single qubit gate 
fidelities23 for electronic spins in SiC. Throughout this work, we present both experiment 
and ab initio theory that explores the inherent tradeoffs between spin coherence and 
nuclear memory availability which are involved when isotopically engineering materials. 
These results develop a full suite of nuclear spin controls in SiC and provide a guide for 
future materials design of spin-based quantum technologies. 
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Strongly coupled nuclear registers 
In natural SiC, 1.1% of the carbon atoms and 4.7% of silicon atoms possess an I 
= 1/2 nuclear spin. Thus, about a third of all single c-axis oriented (hh and kk, 
Supplemental Information) divacancies will have a 29Si register on one of the nearest-
neighbor lattice sites (denoted SiI, SiIIa or SiIib)24. When the hyperfine coupling exceeds 
the linewidth (order 1/T2*) of the electronic state (Fig. 1a), oscillations due to these 
nuclear spins are observable in Ramsey experiments. We refer to such nuclear spins as 
strongly coupled. This strong coupling splits the ms = ±1 electronic ground state levels, 
which results in pairs of resolved transitions that enables direct selective control of this 
two-qubit state using external radio frequency (RF) magnetic fields. 
Here, we demonstrate such a strongly coupled system by isolating a single c-axis 
(kk) VV0 with a nearby 29Si at the SiIIa site (parallel hyperfine A|| = 2π·13.2 MHz) in 
natural 4H-SiC. In this case, because the electron spin linewidth (~1 MHz) is much 
lower than the hyperfine splitting A||, we observe two individually addressable transitions 
corresponding to the two nuclear spin states (Fig. 1b). To polarize this nuclear register, 
we make use of two iterations of algorithmic cooling in which we optically polarize the 
electron spin and then swap this polarized state to the nuclear spin25. Using this 
method, we can achieve a high initialization fidelity (~93%) as measured by the peak 
asymmetry in the optically detected magnetic resonance spectrum shown in Fig. 1b 
(Supplemental Information). 
After nuclear initialization, we prepare the electron spin in the ms = -1 state and 
use a 13.2 MHz RF magnetic field to drive nuclear Rabi oscillations (Fig. 1c), which we 
read out by projecting onto the electron spin. Since these oscillations are only driven in 
the ms = ±1 states, this allows us to demonstrate a C±1NOTn gate12 which can be 
performed in 12.7 μs. Throughout these measurements, we also make use of fast 
(limited only by the hyperfine splitting of the lines) CnNOTe gates by applying microwave 
pulses at one of the two frequencies shown in Fig. 1d. 
Having demonstrated control over a single nuclear spin, we then increase the 
number of registers by finding a (kk) divacancy which is strongly coupled to two 29Si 
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spins (with 6% probability for naturally abundant SiC). For this defect, we show that by 
using both algorithmic cooling and dynamical nuclear polarization12,26 (DNP), we can 
polarize the full three-qubit system (Fig. 1b). We then demonstrate individual control of 
these registers and calibrate gates operating on either register (Supplemental 
Information).  
In this three-qubit spin system, we apply the quantum circuit in Fig. 1e on the 
electron and one of the two coupled nuclear spins to create an electron-nuclear 
entangled state, and measure its full density matrix using quantum state tomography12 
(QST). We evaluate this density matrix using the positive partial transpose test, 
confirming unambiguously the entanglement in this system with an estimated entangled 
state fidelity of ~81% (Supplemental Information). 
These results demonstrate that single, strongly coupled nuclear spins can be 
used as quantum registers in SiC with relatively fast gate times. This type of register is 
useful for QND measurement of the nuclear spin and more generally for any 
applications that require fast operations27 on ancilla qubits28,29. However, the number of 
available nearby nuclear sites which can be controlled in this way is limited. Additionally, 
the high coupling strength makes these nuclear registers more sensitive to stochastic 
noise from the electron spin and limit applications where repeated electron initialization 
and control is necessary8,30, such as in long-distance quantum communications31 or 
entanglement distillation9.  
Weakly coupled nuclear memories 
To complement these strongly coupled registers, we therefore investigate 
nuclear spins which are weakly coupled to divacancy electron spins. In order to access 
these memories and go beyond the 1/T2* limit, we use an XY8-based dynamical 
decoupling sequence to perform nanoscale NMR22,32–34 of the nuclear environment of a 
(kk) divacancy (Fig. 2a). This sequence (Fig. 2b) not only protects the electron spin from 
decoherence, but also allows for selective control of nuclear spins even when their 
hyperfine coupling is lower than the electron spin linewidth. In this measurement, each 
nuclear spin produces a series of dips in the coherence function at a pulse spacings22 
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τ𝑘 ≈
(2𝑘+1)π
2ω𝐿+𝐴||
  at integer order k and Larmor frequency ω𝐿, corresponding to its specific 
nuclear precession frequency. With this spectroscopy, we observe that natural SiC has 
a crowded nuclear resonance spectrum due to the relatively abundant 29Si, making it 
difficult to isolate single spins with low hyperfine coupling30 (defined here to be < 2π·60 
kHz). This spectrum, along with ab initio cluster-correlation-expansion35 (CCE) 
simulations of various possible nuclear spin configurations (Fig. 2a), demonstrates that 
natural SiC is not well suited for isolating single weakly coupled nuclear spins with low 
hyperfine values. 
To address this issue, we use isotopically purified gases to grow 4H-SiC with 
99.85% 28Si and 99.98% 12C (Methods). In this sample, we once again measure the 
nuclear environment of a few (kk) divacancies and identify one with a single isolated dip 
in the coherence function (Fig. 2a). We find that the dip positions very closely match the 
different orders (k) of the Larmor frequency of a 29Si (differing only through the hyperfine 
value22).  We further confirm the gyromagnetic ratio for this nuclear spin species by 
repeating the experiment at a different magnetic field (Supplemental Information). 
Having confirmed that the dips correspond to a 29Si nuclear spin, we perform 
spectroscopy in both the {ms = 0, ms = +1} and the {ms = 0, ms = -1} basis (Fig. 2c), and 
measure a small A|| ≈ 2π·650 Hz22, which would not be resolvable in a Ramsey 
experiment. Low A|| nuclear spins are especially useful as robust quantum memories 
because the dephasing of the nuclear spin caused by stochastic noise from the electron 
is particularly sensitive to the parallel component of the hyperfine tensor (A||)8.  
Fixing the pulse spacing (2τ) to a specific coherence dip (k = 6), we then vary the 
number of pulses (N) to coherently control this weakly coupled single nuclear spin7,22. 
The corresponding CeROTx,n(±θ) oscillations observed (Fig. 2d) allow us to measure the 
perpendicular hyperfine component A⟂ ≈ 2π·11.45 kHz (where θ ≈
𝐴⊥⋅𝑁
𝜔𝐿
 ) and confirm 
the successful application of a maximally entangling two-qubit gate7 (Supplemental 
Information). If no other nuclear spins were present, one could choose any resonance 
order (k) to perform the two-qubit gate. In practice however, as k increases, the 
resonance of the isolated nuclear spin separates from the rest of the bath which 
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drastically increases the two-qubit gate fidelity. Here, even in the isotopically purified 
sample where the nuclear spectrum is sparse, the electron-nuclear gate fidelity 
increases greatly at higher orders (k) as the resonance separates from the bath (up to 
97(1)% at k = 6, Supplemental Information). These results demonstrate the importance 
of reducing the nuclear spin bath for high fidelity control of isolated quantum memories 
with weak hyperfine interactions. 
With these results in mind, we now turn our attention to estimating the optimal 
isotopic fraction required to maximize the number of isolated and controllable nuclear 
memories. Here, we need to strike a balance between too much purification which 
removes most usable nuclear spins and too little which results in a crowded and 
unresolvable spectrum. Limiting the gate time to a regime where nuclear-nuclear 
interactions are negligible (Supplemental Information), we developed a method to 
predict the average number of resolvable nuclear memories as a function of isotopic 
concentration. This is achieved by considering both the intrinsic gate fidelity from the 
electron-nuclear interaction and the average effect of unwanted rotations from all other 
nuclear species (Methods). Our analysis demonstrates several important aspects of 
nuclear availability in SiC. 
First, there exists an optimal nuclear spin concentration (Fig. 3a) that maximizes 
the average number of available nuclear memories which can be controlled within a 
maximum gate time and at a given minimum gate fidelity. Here, we find that naturally 
abundant SiC has a prohibitively high concentration of 29Si, which prevents the isolation 
of nuclear memories with low hyperfine coupling (<2π·60 kHz). This reinforces the 
importance of isotopic engineering for nuclear memories in SiC and explains the 
spectrum observed in Fig. 2a. Second, the hyperfine values of the resulting controllable 
memories vary with isotopic concentration (Fig. 3b). At high concentration, nuclei with 
moderate hyperfine (>2π·60 kHz) contribute to most of the available memories, while 
low hyperfine nuclear spins are unresolvable. On the other hand, a lower isotopic 
concentration results in a less crowded spectrum and allows for the isolation of nuclei 
with lower hyperfine. The choice of nuclear concentration thus not only determines the 
total number of available quantum memories, but also the distribution of hyperfine 
values for these controllable nuclei. 
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Furthermore, we note that there is a tradeoff between the maximum allowable 
gate time and the number of available nuclear memories. While longer gate times allow 
for the resolution of more distant nuclei, this increase is shown to be only sublinear 
(Supplemental Information). Additionally, when both nuclear species are utilized, the 
SiC binary lattice may provide roughly double the number of resolvable nuclear 
registers compared to a monoatomic crystal.  
While the range of desired hyperfine values may differ depending on the 
particular application, a careful selection of the isotopic fraction is critical to maximizing 
the number of nuclear spins available in this range. This careful selection also 
determines the resulting average gate speeds and fidelities, allowing further 
optimization for the application at hand. These results therefore constitute not only a 
proof-of-principle demonstration of single weakly coupled nuclear spin control in SiC, 
but also provide guidance for future isotopic growth of materials for a variety of spin-
based quantum technologies. 
High-fidelity qubit control and extended coherences 
Broadly, these experiments are all predicated on the divacancy electronic spin 
being a controllable and long-lived qubit. In this section, we discuss in detail the main 
factors that limit the coherence of divacancies in SiC and quantify our ability to perform 
single-qubit manipulation. 
We begin by measuring both T2* (Ramsey spin dephasing time) and T2 (Hahn-
echo coherence time) of both c-axis (kk) and basally (kh) oriented defects in isotopically 
purified material. We measure the c-axis defects at B=48.8 G and the basal defects at 
B=0 G (to benefit from the magnetic insensitivity arising from a clock-like transition36,37). 
We report (Fig. 4a and 4b) T2* times of 48.4(7) μs and 375(12) μs for the c-axis 
(kk) and basal (kh) defects in isotopically purified SiC, compared to 1.1 μs38 and 70-160 
μs36,37 in naturally abundant material. These numbers correspond to record dephasing 
times for spin qubits in SiC21. Additionally, despite only moderate isotopic purity, these 
results are very competitive with NV centers in diamond with much lower nuclear spin 
concentration39–41. This favorable scaling most likely arises from the SiC binary lattice 
and longer bond length, which results in reduced nuclear flip-flops35. These 
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improvements in T2* are vital for DC quantum sensing schemes and for achieving 
strong coupling in hybrid systems42,43. 
The significant increase in dephasing times arising from the isotopic purification 
for the c-axis defects shows that magnetic field noise from the nuclear environment is 
by far the main limiting factor to T2* for these defects. We provide further evidence of 
this by investigating the dephasing in isotopically purified SiC with ab initio cluster-
correlation-expansion (CCE) simulations. Taking into account the remaining nuclear 
spin bath, these calculations predict average T2* values which are consistent with our 
experimental observations (Fig. 4a). 
On the other hand, while basal divacancies benefit from first-order insensitivity to 
magnetic field noise at B=0 G, this magnetic noise protection comes at the cost of 
increased sensitivity to electrical fields44. Since charge fluctuations can cause significant 
electric field noise18, this may explain why the increase in T2* obtained from isotopic 
purification (Fig. 4b) is less pronounced than that of the c-axis divacancies. 
Furthermore, this magnetic protection also makes nuclear control difficult in the basal 
(kh) divacancies. This underlines the tradeoffs involved when choosing a defect species 
to work with. 
Next, we perform Hahn-echo experiments to measure T2 in isotopically purified 
SiC (Fig. 4c). Although we find a factor of ~2 improvement in the coherence time for (kk) 
defects in this material (2.32(3) ms versus 1.1 ms38), we remark that this is a more 
modest improvement than that of T2*. Nevertheless, this T2 is comparable to the longest 
observed Hahn-echo coherence time in isotopically purified diamond samples with 
much greater isotopic purity45,46. Interestingly, the measured T2 deviates from the 
predictions of nuclear spin induced decoherence obtained with CCE calculations, which 
yield an average coherence time of ~37 ms. To understand these results, we carried out 
second order CCE simulations to study the effect of non-interacting electron spin pairs 
on the coherence time47. At the estimated paramagnetic density (impurities and 
radiation induced defects in the 3×1014-3×1015 cm-3 range, Methods) we find good 
agreement with experiment (Fig. 4d), thus confirming both the accuracy of our 
theoretical model and the important role of paramagnetic defects in limiting coherence. 
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Our results are consistent with magnetic noise from a weak, but quickly fluctuating 
paramagnetic spin bath combined with noise from a strong, but slowly fluctuating, 
nuclear spin bath48. As a consequence, T2* is limited by nuclear spins, while T2 is 
limited by paramagnetic impurities for the c-axis defects. On the other hand, differences 
in the basal divacancy’s coherence compared to other reports36,37 likely stems not only 
from the isotopic purification, but also from sample-to-sample variations in electric field 
noise, which could be mitigated using charge depletion techniques18. 
The demonstrated coherence can be further extended by additional refocusing 
pulses. We provide a proof-of-principle demonstration by varying the number of pulses 
(N) in a dynamical decoupling sequence. At N = 32, the coherence is increased to 14.5 
ms (for a kk defect, Fig. 4e). With more pulses, the coherence should continue to 
increase linearly until the T1 limit is reached, which we measure to be on the order of 
one second under these experimental conditions (Supplemental Information). 
Finally, we characterize our single qubit gate fidelities through randomized 
benchmarking experiments and obtain an average gate fidelity of 99.984(1)% (Fig. 5). 
These bare fidelities are amongst the highest for single spins in the solid state23,49,50 and 
exceed the threshold for error correction codes51–53. Furthermore, high-fidelity control of 
the electron spin is crucial to prevent reduced coherence in nuclear spin memories30. 
The long coherence (T2DD > 14.5 ms) and high-fidelity control (99.984(1)%), combined 
with a >99% initialization and readout fidelity (Supplemental Information) demonstrated 
in this work establishes the divacancy in SiC as a promising system for future solid-state 
quantum devices. 
Conclusion 
Defect spins in SiC are exciting candidates for wafer-scale quantum technologies 
requiring stationary qubits and a photonic quantum communication channel. In this 
work, we provide milestone demonstrations of nuclear memory control of both strongly 
and weakly coupled nuclear memories in a technologically mature semiconductor 
material. This work also examines, both experimentally and theoretically, the tradeoffs 
that are inherent to isotopic purification and offers a pathway towards optimizing nuclear 
spin concentration to maximize the number of usable nuclear memories. 
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Our results underline the importance of isotopic engineering in designing 
materials for solid-state quantum applications. Such engineering can provide a two-fold 
benefit for quantum memories: it enables control of more nuclear spins by unlocking 
access to memories with low hyperfine coupling, while also drastically increasing the 
coherence of these nuclear spins54. Moreover, isotopic engineering enables the 
selection of a hyperfine distribution that can optimally trade off the effect of the “frozen 
core”55 against the electron spin induced noise inherent in realistic quantum 
communications protocols30. Further optimization may also be achieved by considering 
differing nuclear control methods4,56. Additionally, the demonstrated proof-of-principle 
nanoscale NMR detection of a single nuclear spin (at a distance of ~1.2 nm) in SiC 
provides a route for a functionalizable, biocompatible platform for quantum sensing with 
polarization and readout in the biological near-infrared window57. Overall, these results 
cement defects in SiC as attractive systems for the development of quantum 
communication nodes and underline the importance of isotopic control in material 
design for future quantum technologies. 
 
Methods 
Single defect observation and control 
Single defects are observed in a home-built confocal microscope operating at T= 
5 K with a Montana Cryostation s100 closed-cycle cryostat.  We utilize a high NA (0.85) 
NIR objective and single-mode fiber coupled (1060XP) IR-optimized SNSPD (Quantum 
Opus) and observe single defects with 40-50 kcts at saturation. 905 nm excitation is 
used along with a weak 705 nm tone for charge stabilization18. Microwave striplines are 
fabricated alongside an electrical control planar capacitor (10 nm Ti, 150 nm Au) using 
electron beam lithography. In 4H-SiC, single PL1 (hh), PL2 (kk) and PL4 (kh) defects 
are observed and are labelled following the VcVSi convention and where h represents 
the hexagonal lattice site and k the quasi-cubic lattice site. The c-axis refers to the 
crystallographic axis in SiC which corresponds to the stacking direction of the 
hexagonal layers of SiC ([0001]). Basal defects are oriented along one of the basal 
planes. Resonant readout and initialization18,19 (realized using a tunable Toptica DLC 
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PRO laser) can result in Rabi contrast exceeding 99% in optically detected magnetic 
resonance (ODMR) (Supplemental Information). This corresponds to the highest Rabi 
contrast reported in SiC and provides an achievable lower bound for initialization and 
readout errors combined. Reported coherences are for representative single defects. 
For the strongly coupled nuclear spin experiments, Gaussian pulse shaping is 
used to perform spectrally narrow manipulation of the quantum registers. 13C registers 
are also available24, but occur with lower probability in both the natural and isotopic 
samples. For nuclear spin spectroscopy and control, randomized benchmarking and 
coherence measurements, square pulses were used with π pulse times ranging from 50 
ns to 1 µs. Magnetic fields are applied with a large permanent magnet on a goniometer. 
Alignment at high field is achieved by reducing the mixing from off axis magnetic fields, 
visible through the PLE magnitude after initializing the spin (a measure of cyclicity). In 
order to zero the magnetic field for kh divacancies, we utilize a three-axis 
electromagnet. Using a nearby c-axis kk defect as a magnetometer, the field is zeroed 
by reducing the splitting between the very narrow CW ODMR lines in the isotopically 
purified sample (<20 kHz). 
 
Materials growth  
Natural 4H-SiC was obtained from Norstel AB (now ST Microelectronics) in the 
form of a 20 µm intrinsic epitaxial layer grown on 4° off-axis HPSI 4H-SiC. This layer 
contains <1×1015 cm-3 Vc. For the isotopically purified (“isotopic”) sample, epitaxial 4H-
SiC was CVD grown on a 4° off-axis n-type 4H-SiC substrate at a thickness of ~90 µm 
using isotopically purified Si and C precursor gasses. The purity is estimated to be 
99.85% 28Si and 99.98% 12C, which was confirmed by secondary ion mass 
spectroscopy (SIMS). C-V measurements show a slightly n-type behavior of this layer 
with a free carrier concentration of 6×1013 cm−3. This roughly matches the measured 
concentration (3.5×1013 cm-3) of nitrogen through comparisons of the bound exciton 
lines. DLTS places the Vc  concentration at the mid 1012 cm-3 range before irradiation. 
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In the naturally abundant material, single defects are created using a 1×1013 cm-2 
dose of 2 MeV relativistic electrons. Subsequent annealing at 810°C in an Ar 
environment produces spatially isolated single VV0. For the isotopically purified material, 
an electron dose of 1×1013 cm-2 (Fig. 5) and 5×1014 cm-2 (Fig. 2-4) are used. Despite the 
low impurity and defect content of the starting material, this means that the number of 
induced displacements58 in the lattice after irradiation can be as high as 0.5-3 cm-1 × 
(dose)=(0.25-1.5)×1015 cm-3. These defects can be paramagnetic and most likely 
consists of VC, VSi and associated vacancy complexes. This is also a relatively common 
range even before irradiation in commercially available material. Upon annealing, 
divacancies are created along with other paramagnetic defects. Higher spin species or 
laser-induced scrambling of the charge states of these paramagnetic impurities may 
also increase the effect of impurities with respect to CCE. 
Furthermore, the observed optical linewidth is significantly broadened by spectral 
diffusion. In this material, lines are in the 150-350 MHz range. We can use this 
broadening to estimate18 the trap density to be 3×1014-3×1015 cm-3 for the kk defect, 
which would be consistent with the observed Hahn echo times if these trap are 
assumed to be paramagnetic. 
 
Calculations of coherence functions 
Cluster-correlation expansion (CCE) calculations of the coherence function for 
the nuclear spins were carried out according to the method outlined by Yang and Liu59 
with the choice of parameters described by Seo et al.35. We apply the CCE up to 
second order under the assumption that the flip rate of each pair of electron spins is not 
impacted significantly by interactions with the spins outside a given pair. The total 
coherence function (𝐿) can be factorized into contributions from electron and nuclear 
spins, respectively: 𝐿(𝑡) = 𝐿electron𝐿nuclear. Further details are found in the Supplemental 
Information. 
 
Calculations of nuclear memory availability 
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In order to decide whether the nuclear spin at the lattice site 𝒊 can be used as a 
memory, we evaluated the state fidelity of the electron spin state after a nuclear induced 
rotation. The fidelity can be inferred from the electron magnetization along the x-axis. 
Assuming that nuclei-nuclei interactions are neglegible, the expectation value of the 
electron magnetization along the x-axis at a given 𝑁 and τ in the presence of a nucleus 
𝒊 can be expressed as: 
?̃?𝑖 = 𝐸(𝑀|𝑀𝑖 ∈ 𝑀) = 𝑀𝑖 ∏ 𝐸(𝑀𝑗)
𝑗≠𝑖
 1 
where 𝑀𝑖 (𝑀𝑗) is the conditional magnetization when only one nucleus (at lattice site 𝒊 
(𝒋)) interacts with the electron, 𝒋 runs over all other possible nuclear positions, and 
𝐸(𝑀𝑗) is the expectation value of the conditional magnetization. A nucleus at lattice site 
𝒋 is considered to be useable as a memory unit if there exist at least one set of 𝑁 and  τ 
with 𝑁2τ  smaller than a maximum gate time, such that the fidelity of the electron spin 
after rotation ?̃?𝑖(𝑁, τ) is higher than a certain threshold 𝐹𝑚𝑖𝑛. The average number of 
nuclei 𝒊 present at this lattice site is equal to the concentration of the spin-1/2 isotope 𝑐𝑖. 
The resulting total number of usable memory units is computed as the sum of 𝑐𝑖 for all 𝒊 
that meet the fidelity criterion for at least one set of 𝑁, τ: 
𝑁mem = ∑ 𝑐𝑖
𝐹(?̃?𝑖)≥𝐹𝑚𝑖𝑛
𝑖
 2 
Further details are found in the Supplemental Information. 
 
Hyperfine cutoff value 
A cutoff of A|| = 2π·60 kHz is used in this work as a rough guideline for when 
hyperfine are low enough to act as optimal quantum memories. This corresponds to 
hyperfine values that were found to be ideal for communication protocols with the NV- in 
diamond8,30. Coincidentally, this cutoff is also roughly the same order of magnitude as 
the ODMR linewidth we measure in isotopic samples (20 kHz) and provides an 
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approximate limit for the lowest hyperfine spin which could be considered strongly 
coupled.  
Errors 
All quoted uncertainties are reported at one standard deviation.  
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Fig. 1 | Initializing, controlling and entangling strongly coupled nuclear spins. a, 
Schematic of a single divacancy with surrounding nuclear spins. b, Optically detected 
magnetic resonance of a single (kk) VV0 after initialization of both the electron and 
either 1 (top) or 2 (bottom) strongly coupled nuclear spins. Top: initialization in either the 
|↑⟩ (red) or |↓⟩ (blue) nuclear spin states. Detuning is from 1.139 GHz.  Bottom: dashed 
line (black) represents the expected results from an uninitialized state, blue line is the 
experimental initialized state. Detuning is from 2.153 GHz. c, Nuclear Rabi oscillations 
(between |−1 ↓⟩ and |−1 ↑⟩) obtained by driving an RF tone implementing a CeROTn. d, 
level structure schematic of a divacancy spin coupled to a single nuclear register. The 
|+1⟩ electron spin state is not shown. (left) CnROTe transitions correspond to the peaks 
seen in b. (right) CeROTn  RF transition corresponds to the oscillations in c. e, (top) 
Quantum circuit used to generate a bipartite entangled state between an electron and 
nuclear spin. (bottom) Resulting density matrix (|⍴|). The third initialized qubit is omitted. 
All data are taken at T= 5 K. 
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Fig. 2 | Spectroscopy and control of weakly coupled nuclear spins. a, CPMG 
based NMR spectroscopy of the nuclear environment of an example kk divacancy in a 
natural (top) and isotopically purified (bottom) sample. The data is shown as a black 
solid line. The background gradient represents the calculated average coherence 
function obtained over many nuclear configurations 〈𝑀〉, which represents the expected 
density of coherence dips. b, Schematic of the XY8 pulse sequence. c, Coherence dips 
(8th order (k=8), τ0=6.125 μs) using either the |−1⟩ (red) or |+1⟩ (blue) electron spin 
state, providing a measure of A|| ≈ 2π·650 Hz.  d, A CeROTx,n(±θ) oscillation 
demonstrated on the 6th order (k=6) of the isolated nuclear spin and achieved by varying 
the number of XY8 subsequence repetitions. After seven XY8 repetitions (total pulse 
number N=56), a conditional ±π/2 rotation is achieved with a fidelity of F=97(1)%. All 
data are taken at T= 5 K and B = 584 G. 
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Fig. 3 | Isotopic optimization of nuclear memories. a, Calculated average number of 
memory units as a function of isotopic concentration where [13C] = [29Si]. A memory unit 
is defined as a nuclear spin that can be isolated and controlled above a given gate 
fidelity (Fmin) within the maximum gate time. Solid lines correspond to all memory units 
whereas the dotted lines with shaded areas correspond to only memories with A|| < 
2π·60 kHz. Three different maximum allowable gate times are represented (lightest to 
darkest: 1 ms, 1.5 ms and 2 ms). b, Distribution of the hyperfine values for usable 
memory units as a function of isotopic concentration. Darker colors correspond to a 
higher probability (P) that memory units, if present and usable, will have the 
corresponding hyperfine value (maximum gate time = 1.5 ms, Fmin = 0.9). Blue circles 
show the median of the distribution at the given concentration. The green dotted line 
corresponds to A|| = 2π·60 kHz. The values are computed at the magnetic field of 
500 G. 
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Fig. 4 | Divacancy dephasing and decoherence times in isotopically purified 
material. a, Dephasing of a c-axis (kk) defect in the isotopic sample at B=48.8 G. The 
shaded region represents the predicted average results from CCE (B = 50 G and 
paramagnetic density of 1×1015 cm-3). b, Dephasing of a basal (kh) defect at B = 0 G. c, 
Coherence function under a Hahn echo sequence for kk (blue) and kh (red) single 
defects. d, CCE calculations (including the effects of paramagnetic traps) for a kk defect 
showing that the expected average Hahn echo T2 varies greatly based on paramagnetic 
spin density for both natural (dark blue) and isotopic (light blue) material (at B = 500 G).  
e, Coherence time for a (kk) defect in the isotopic sample under a varying number of 
CPMG pulses (N) shows that T2 increases roughly linearly with pulse number (B = 48.8 
G). f, Table summarizing representative numbers for T2* and T2 (Hahn echo) in kk and 
kh defects in both natural and isotopic samples. Natural SiC coherences are taken from 
literature12,36,37. Numbers in parentheses are the theoretical numbers obtained by CCE 
(at B = 50 G) with both the nuclear spin bath and a paramagnetic spin bath of 1×1015 
cm-3. All data are taken at T= 5 K. 
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Fig. 5 | Average single qubit gate fidelity as measured by randomized 
benchmarking. Results obtained by applying N Clifford gates (as represented by the 
quantum circuit) on the electronic spin of a kh defect in the isotopically purified material 
at T= 5 K, B= 0 G. From this decay, we extract an average gate fidelity of 99.984(1)%. 
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